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1. TTokpaIeHHs KepOBaHOCTI Ipouecy GOpMOYTBOPEHHS apiB MeTaity rpu 3D-Ipylii Ha OCHOBI €IeKTPOLyTOBOIO

3BApIOBaHHS

2. Improvement of the metal layer formation process in 3D printing based on arc welding

Pedepar:

1. B pucepTauiiiniil poboTi Brieplie BUCBITIEHO TPO6JIeMy JUHAMIYHOTO BiIXUJIEHHS FEOMETPUYHUX NTAPAMETPIB
iHCTPYMEHTY Bifl KiHEMaTU4YHOI MOZEJi 6araTOKOOPAXHATHOTO MAHIMyJISITOPa B IIPOLECi aIUTUBHOTO BUPOOHUIITBA
Ha OCHOBI €JIEKTPOJYrOBOr0 3BapIOBAaHHS [1JIaBKUM €JIEKTPO/IOM B C€PEeIOBUIII 3aXUCHUX Ia3iB, OijIbII BilOMOTO, SIK
Wire and Arc Additive Manufacturing abo WAAM. Bysi0 BCTaHOBJIEHO, 10 NOCTilHE 30ibIIEHHS BilXUI€HHS
IIPUCAHOTO OPOTY Bill HEHTPAJIbHOI TOYKM iIHCTPYMEHTY HETaTUBHO BIUIMBAE HA CTAOLIBHICTD IPOLECY
BHPOILYBaHHS i SIKiCTb TIOBEPXOHb BUPOLIyBaHUX 00'€KTiB. [ToripmeHHs sIKOCTi Ta TOYHOCTi reoMeTpii meTanei
3HIDKYIOTb iX M€XaHiYHi BIaCTUBOCTI, @ TAKOXX NOTipUIYIOTh €(PEeKTUBHICTb BUKOPUCTAHHS MaTepiaiB Ta

€KOJIOTiUHICTh BUPOOHULITBA. B pe3ysbTaTi BUKOHAHHS JUCEPTaLiliHOI pOOOTH 0YyJI0 BUPIIIEHO aKTyaJlbHYy HAYKOBO-



MIPUKJIAAHY 337124y [IOKpallleHHsI KEPOBAaHOCTI Ipolecy GOPMOYTBOPEHHS HAIJIABJIEHUX 1IapiB METay i
HOpMauti3allii HepiBHOMipHOCTi 60KOBUX MMOBepxoHb WAAM peTasel, a TaKoK 3MEeHIIeHHS BiIxujaeHb GopMu, 10 B
KOMILJIEKCi TOKpamuio epeKTUBHICTb BUKOPHUCTAaHHS MaTepialiB, 03BOJINIIO 3MEHIIUTU I10TPeOY B HAJJIMIIKOBIN
oCTOO6POOLIi Ta MOKPALIUTY €KCILTyaTalliliHi BJJaCTUBOCTI HeOOpOOJIeHuX AeTaneil. HaykoBa HOBU3HA pPoO6OTH
I0JIITa€ y BCTAHOBJIEHHI 3aJ1€3KHOCTiI HEPIBHOMIPHOCTI NOBEPXOHDb BUPOILYBAHMUX 00'€KTIB BiJl HAIPYKEHO-
Ie(pOPMOBAHHOTO CTaHy [IPHCAJIHOTO APOTY, BHOCY KOHTAaKTHOI'O HAKOHEYHUKA i BiJl AMHAMIYHUX [IPOLECiB Y BaHHI
PO3IIJIaBJIEHOI0 MEeTaly, 10 KOMIIJIEKCHO BIIJIMBAIOTh Ha NPOLieC POPMOYTBOPEHHS BAJIMKIB i3 )KapOMilIHUX CILJIaBiB
ipu WAAM. TIpu oMy 6yJI0 BIlepliie BCTAHOBJIEHO i TOBEJIEHO 3B'I30K 3HOCY KOHTAKTHOTO HAKOHEYHUKA i
BiIXWJIEHHS IPUCATHOTO OPOTY Bifl LIEHTPaJIbHOI TOYKY iHCTPYMEHTY 3 YTBOPEHHSIM HEPIBHOMIDHOCTEN MTOBEPXOHb
IeTajsie, BATOTOBJIEHUX MeTonoM WAAM. Briepiie eKcriepuMeHTaIbHO-PO3PaXxyHKOBUM ILJISIXOM BCTAHOBJIEHO
3aJI€KHICTb HEJIIHIMHOI 3MiHM iIHTEHCMBHOCTI 3HOLIYBAHHS KOHTAKTHOTO HAKOHEYHNKA B rpoueci WAAM Bif,
HaIpy>XeHO-Ae(OPMOBaHOr0 CTaHy NIPUCALHOTO APOTY, AUHAMIUHA 3MiHa SIKOTO BU3HAYa€ YMOBU KOHTAKTHOI
B3a€MO/Iii HAKOHEYHMKA 3 IPOTOM. BUSIBIEHO 3aKOHOMIPHICTh 3HV>KEHHS iIHTEHCUBHOCTI 3HOLTYBAaHHSI KOHTAKTHOTO
HAaKOHEYHUKA 3i 361/IbLII€HHSIM KPUBU3HU MIPUCAHOTO APOTY a60 30iIbIIEHHSIM BEJIMYNHYU 3HOCY KOHTAaKTHOTO
HaKOHEYHUKa, 1110 MOSICHIOETHCS 3MEHIIEHHSIM KOHTAKTHOI CUJIM ITPY 3MEHIIEHH] PY>KHOI Aedopmaliii.
BcTaHOBJIEHO CTIMKUY 3B'130K i BUBHAUYE€HO (PYHKIIOHAJIbHY 3aJI€XHICTh BEIMYMHN 3HOCY KOHTAKTHOT'O
HaKOHEYHVKa BiJl HOPMaJIbHOI CUJIM KOHTAaKTHOI B3a€MO/Iii, JOBXMHU BUKOPHUCTAHOTO APOTY, HOT0 pafiycy
KPUBU3HU, )KOPCTKOCTI i TBEpAOCTI maTepiany. BusHaueHo (QyHKIiOHAIBHUH 3B$130K MiXX BEJIMUYMHOIO BiIXUJIEHHS
[IPUCAZHOTrO APOTY Bifl LEHTPAJIbHOI TOYKY iHCTPYMEHTY i BEIMYMHOIO 3HOCY KOHTAKTHOIO HAKOHEYHMKA.
Po3pob6seHi MaTeMaTUyHi MOJeJli ONKUCYIOTh KOMILJIEKCHUI BILJIMB HAIIPY>KeHO-11e(POPMOBAHOTO CTaHy JPOTY Ha
J10T0 BiIXMJIEHHS 1 JO3BOJISIIOTh NEpeOaYUTH BEJIMUMHY BilXWUJIEHHS B [IPOLieCi BUPOLyBaHHS. Briepiue BupimeHo
TEOPETUYHI Ta MpUKIaAHi 3a7ayi MOKpallleHHs KOHTPOJIbOBAHOCTI (POPMOYTBOPEHHS BAJIMKIB, SIKi 326€3M1eYyI0Th
3MEHIIeHHs BigxuaeHb GopMHU OOKOBUX ITOBEPXOHb IIpU WAAM 117151X0M 06MEsKeHHS Yacy iCHyBaHHSI ITOCTiHHOI
BAaHHU PO3IJIaBJIEHOrO MeTasy. Lle 103BoJMI0 BCTAHOBUTU pallioHaIbHI peKMMHU BUPOIYBaHHS Ta 3a6€31€4UTU
3MEHIIEHHS BiIXUJIeHHS (POpMU OOKOBUX ITOBEPXOHb BUPOILIEHUX JleTalel Ha BeJnYuHy A0 60% i nokpamuru
CTabiNbHICTh BUPOLIYBaHOI F€OMETPIi B TpU pa3y 3a paxyHOK 3MEHIIEHHS CTAHIAPTHOTrO BigxuaeHHs 10 0,08 mm.
Briepiue BIpoBagyKeHO i po3paxoBaHO NapaMeTp eKBiBaJIeHTHA LIMPUHA CTiHKY, SIKUI1 OOIPYHTOBY€E HEOOXiAHICTD
KOMITIEHCallii afiiHHs MilJHOCTi BUPOIIEHOi CTiHKM BHACJIIOK BIIJIUBY Ne(EeKTy, yTBOPEHOTO 3HOCOM KOHTAKTHOTO
HAaKOHEYHVKA, i BCTAHOBJIIOE 3aJIEKHICTh MK MILIHICTIO HEOOPO6JIeHOI 1 06PO6JIEHOI CTIHOK 6€3 ypaxyBaHHS BILIUBY
MIiKpOCTPYKTypu. Briepie po3po6sieHo i O6IPyHTOBAaHO METOJIMKY KOMIIEHC ALl BifXnIeHHs IPUCALHOTO IPOTY Bif,
LIEHTPaJIbHOI TOYKU iHCTpyMeHTy 1711 WAAM Ha ocHOBi GMAW IporpamMHuM LUISIXOM, 3TiIHO SKOI KOOpIUHATH
LIEHTPaJIbHOI TOUKU iHCTPYMEHTY B KiHEMaTU4YHIN MOAesi po6b0oTa Ha0yBalOTh 3MIHHOTO XapaKTePY, IKUI KEPYETHCS
HEPOHHMMU MOJIEJISIMU Ha OCHOBI €KCIIEPUMEHTAJIbHUX | CTATUCTUYHUX JAaHUX. TakuM YMHOM 320e3I1e4YyeThCs
IIOCTIiMHA NTO3ULiMHA TOYHICTb MOJIOKEHHS [IPUCATHOrO OPOTY 3 BigxuneHHaM 10 +0,2 MM 3a KoopguHaTowo X i +0,12
MM 3a KoopauHaTowo Y. [IpakTHyHe 3Ha4€HHs O€P>KaHUX PE3yJIbTaTiB [10JIsIra€e y 3HaUHOMY [TOKpallleHH] TOUHOCTI
Ta MOBTOPIOBAHOCTI BUPOLIYBAHOI FeOMeTpii, 110 J03BOJISIE 3HAUHO MiBUMIUTU €(PEeKTUBHICTb BUKOPHUCTaHHS
marepiaiy, CKOPOTUTH YaCc BUPOOHUIITBA i BMEHIINTH HEOOXigHICTh B IOCTOO6POOLi. PO3pobiieHi po3paxyHKOBO-
€KCIIEpPMMEHTAaJIbHI MOZIEJIi JO3BOJISIIOTh IPOTHO3YBaTH POOOYMI LIMKJI KOHTAaKTHUX HAaKOHEYHUKIB 3BapIOBAJIbHUX
NaJIbHUKIB. AJITOPUTM KOMIIEHCALii BifX1JIEHHS IPUCATHOrO LPOTY Bif LIEHTPAJIbHOI TOYKU IHCTPYMEHTY
PO3p06JIEHO 3 ypaxyBaHHSIM MO>KJIMBOCTI BIPOBaJIKEHHS HE TiJIbKU B alUTHBHOMY BUPOOHUIITBI, a i po60TH30BaHi

Yy aBTOMATHU30BaHIN BiTHOBJIIOBAIbHIN HaIJIABIIL.

2. This work is the first to address the problem of dynamic deviation of tool geometric parameters from the
kinematic model of a multi-axis manipulator in the additive manufacturing technology based on Gas Metal Arc
Welding, better known as Wire and Arc Additive Manufacturing or WAAM. It was found that a constant increase in
the deviation of the filler wire from the tool center point negatively affects the stability of the deposition process
and the surface quality of the printed objects. The deterioration in the quality and accuracy of the geometry
reduces the mechanical properties of the parts, as well as the efficiency of material use and the environmental
friendliness of production. As a result of the work, the important scientific and applied problem of improving the



controllability of the formation process of deposited metal layers and normalizing the irregularities of the side
surfaces of WAAM parts, as well as reducing the shape deviations, was solved, which in combination improved the
efficiency of material use, reduced the need for excessive post-processing, and improved the operational
properties of as-deposited parts. The scientific novelty of the work is to establish the dependence of the surface
irregularities of the printed objects on the stress-strain state of the filler wire, the contact tip wear, and the
dynamic processes in the molten pool, which comprehensively affect the process of bead formation from heat-
resistant alloys during WAAM. At the same time, the relationship between the magnitude of contact tip wear and
the magnitude of filler wire deviation from the tool center point with the formation of irregularities of WAAM
surfaces was first established and proved. The dependence of the nonlinear change of the contact tip wear rate in
WAAM on the stress-strain state of the filler wire was first established by experimental and computational means.
Its dynamic variation determines the contact interaction conditions between tip and wire. A tendency for the
contact tip wear rate to decrease with an increase in filler wire radius of curvature or an increase in the magnitude
of contact tip wear was found, which is explained by a decrease in contact force with a decrease in elastic
deformation. A significant relationship was established and the functional dependence of the contact tip wear on
the normal contact force, the length of the wire used, its radius of curvature, and the stiffness and hardness of the
material was determined. The functional relationship between the value of the filler wire deviation from the tool
center point and the contact tip wear was determined. The developed mathematical models describe the complex
effect of the stress-strain state of the wire on its deflection and allow to predict the value of the deflection during
the deposition process. For the first time, theoretical and applied problems of improving the controllability of bead
formation have been solved, ensuring a reduction of the shape deviation of the side surfaces in WAAM by limiting
the life of the molten pool, which made it possible to establish rational deposition modes and ensure a reduction of
the deviation in the deposited side surfaces by up to 60% and improve the stability of the deposited geometry by
three times. For the first time, the equivalent wall width parameter was introduced and calculated, which justifies
the need to compensate for the decrease in strength of the deposited wall due to the influence of the defect
caused by contact tip wear, and establishes the relationship between the strength of as-deposited and machined
walls without considering the influence of microstructure. For the first time, a method of compensating for the
deviation of the filler wire from the tool center point for GMAW-based WAAM has been developed and
implemented in software, according to which the coordinates of the tool center point in the kinematic model of
the robot acquire a variable character, which is controlled by neural models based on experimental and statistical
data. This ensures a constant positional accuracy of the filler wire with a deviation of up to +0.2 mm in the X
coordinate and +0.12 mm in the Y coordinate. The practical significance of the results obtained is a major
improvement in the accuracy and repeatability of the deposited geometry, which can significantly increase the
efficiency of material use, shorten the production time, and reduce the need for post-processing. The developed
computational and experimental models allow to predict the working cycle of welding torch contact tips. The
algorithm for compensation of the filler wire deviation from the tool center point was developed with the
possibility of implementation not only in additive manufacturing, but also in robotic or automated welding and
surfacing.
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